Myung et al., 1999) (S74L mutation, Figures 1A and 1B) .
To study the functional role of the selective farnesylation of transducin more closely, we have generated a Under in vitro conditions, transducin still functions when the farnesyl is replaced by the geranylgeranyl knockin mouse line in which rod transducin was geranylgeranylated instead. We have found that the far- umn (Fukada et al., 1994) . Tγ in the first peak showed a molecular mass of 8316.1 ( Figure S2A ), in good agreement with the calculated mass of the fully processed (i.e., farnesylated and methylated) form of mouse Tγ (molecular mass of 8315.6). Top-down analysis of isolated Tγ using the electrospray ionization (ESI)-tandem mass spectrometry (MS/MS) (Kassai et al., 2005) demonstrated the covalent modification of Tγ by the farnesyl and methyl groups within the extreme C-terminal region (Pro58-Cys71, Figures S2C and S2E) , as predicted from the CAAX signal (CVIS) directing farnesylation/methylation at the C-terminal Cys71. On the other hand, from S74L/S74L mice, only a trace of soluble Tγ was detected in the GTPγS extract ( Figure 2C ), whereas Tα was detected at a level comparable to that from wild-type mice (Figure 2A) . In order to analyze the mutant Tγ that had remained in the membrane (as a Tβγ complex), we extracted mutant Tβγ by mixing the minal amino acid sequence of mutant Tγ was verified to be identical to wild-type starting from Pro2 (Fukada stem (ES) cell lines were cloned and used for producet al., 1990). The phosducin extract prepared similarly tion of chimeric mice (see Figures S1A and S1B in the from wild-type mice contained an undetectable level of Supplemental Data available online). After the heterozy-Tγ, supporting stoichiometric quality of our analysis. gous mice were established, the neo gene was deleted
We next compared the activities of farnesylated and from the recombinant allele by Cre-loxP-mediated regeranylgeranylated Tβγ by measuring the initial velocity combination ( Figures 1B and 1C) .
of GTPγS binding in the retinal lysates prepared from The retinal morphology of the knockin mice homozywild-type and S74L/S74L mice. Upon exposure to a gous for the S74L mutation (S74L/S74L) was normal, light flash of varying intensity at 4°C, geranylgerawith unaltered thickness of each retinal layer and no nylated transducin in S74L/S74L retinal lysate exhibited symptom of retinal degeneration even in 6-month-old 1.3-to 1.9-fold higher initial velocity than farnesylated animals ( Figures 5A and 5B ). Expression levels of retinal transducin in the wild-type lysate ( Figure 3A ). This obproteins in +/S74L and S74L/S74L mice were indistinservation is consistent with our previous in vitro reconguishable from those of wild-type ( Figure 1D ). stitution experiments, in which purified wild-type Tα reconstituted with mutated (S74L) Tβγ exhibited a rate Molecular Characterization of Transducin constant for GTPγS binding about 3-fold higher than in S74L Knockin Mice that with wild-type (farnesylated) Tβγ (Matsuda et al., To examine the molecular structure of Tγ, rod outer seg-1998). In the present study, however, the difference in ment membranes were isolated from wild-type and the reaction rate between the two genotypes was S74L/S74L mice and exposed to room light for induced blunted at 37°C when the membrane concentration was formation of a ternary complex composed of transincreased (from 0.5 M to 3 M in terms of rhodopsin ducin and light-activated rhodopsin. Wild-type transconcentration, Figure 3B ). In the dilute homogenate in ducin was extracted as a soluble form by mixing the vitro (e.g., 0.5 M rhodopsin), farnesylated Tβγ may be irradiated membrane suspension with 10 M GTPγS, dissociated partly from outer segment membranes, which led to dissociation of Tα-GTPγS and Tβγ from hence reducing the coupling efficiency between rholight-activated rhodopsin (Kuhn, 1980). In reversedopsin and transducin and resulting in a lower velocity phase HPLC analysis of the GTPγS-extract, we deof GTPγS binding compared with geranylgeranylated tected two major peaks, one containing Tγ and the Tβγ, which is associated more stably with the membrane (see Discussion). other Tα (Figure 2A) , while Tβ was adsorbed to the col- Table 1) . The dim-flash responses were also the gain factor in the rising phase of rod phototransduction and is therefore a reflection of light sensitivity. indistinguishable in kinetics ( Figure 4B , and t p and t i in Table 1 ) and in amplitude as evoked by a single photon
We collected a set of ERG responses from a fully darkadapted animal and calculated A dark . Afterward, the an-(a in Table 1 , calculated as the response ensemble variance-to-mean ratio, Sung et al., 1994). These results imal was exposed to adapting light (100 lux or 250 lux) for 10 min and then subjected to a second round of indicate that rod response properties are not affected (Figure 4D ). This difference due to the S74L mutation was statistically significant difference in the fully darkadapted A (A dark ) value (as well as the parameters a max largely independent of the test flash intensity in the range of 0.005-0.05 relative to the saturating flash inand t eff ; see Experimental Procedures) was observed between wild-type and S74L/S74L animals (Table S1 , tensity ( Figure 4D ). When the intensity of the 10 min adapting light was raised to 250 lux, however, A adapted / dark). This finding is consistent with the above results from single-cell recordings (Figures 4A and 4B ) and in-A dark even in S74L/S74L mice decreased significantly to a level almost identical to that of wild-type mice (Figdicates that Figures 6A and 6B) . In contrast, they were almost un- ble in the mutant retina ( Figure 6C ). An in vitro phos- Figure 5J ). In the outer segment in the dark and to translocate to the contrast, in the S74L/S74L mouse retina, only a trace inner region in the light. of Tγ immunoreactivity was detected in these inner regions after the 100 lux light adaptation ( Figure 5M ). In both mouse genotypes, minimal movement of Tα was Discussion observed under the same adaptation conditions (Figures 5D and 5G) . With a 10 min exposure to a brighter In this study, we have investigated the physiological significance of the selective farnesylation of transducin (250 lux) light, the movement of Tβγ in wild-type retina was slightly more enhanced than under the 100 lux light by using the S74L mutant mice, in which the farnesyl of Tγ was replaced by the geranylgeranyl without any ( Figures 5K and 5P) ; in S74L/S74L retina, however, a large part of the Tβγ signals still remained in the outer change in amino acid sequence in its mature form. Therefore, the molecular and physiological phenotypes segment layer ( Figures 5N and 5P) , a profile that is very similar to the distribution of wild-type Tβγ in the darkobserved for the mutant mice can be attributed solely to the change in the C-terminal isoprenyl modification. adapted state ( Figures 5I and 5P and Figure S4B ). At 250 lux, Tα now showed considerable translocation to In the in vitro experiment with the retinal lysate, farnesyl-to-geranylgeranyl replacement had no effect on the the inner region of the photoreceptor layer, and the localization profiles of Tα immunoreactivity were very initial velocity of GTPγS binding at 37°C at the higher rhodopsin concentration (3 M, Figure 3B ). Likewise, similar in the two genotypes ( Figures 5E and 5H) . Quantitative analysis of these data ( Figures 5O and 5P and we observed no measurable effect of the specific isoprenylation on the parameters of the rod photore- Figure S4 ) supports that the translocation of Tβγ is markedly slowed down by the S74L mutation and that sponse under dark-adapted conditions ( Figures 4A and  4B ). It is interesting to note that the rate of GTPγS bindthe light-dependent translocation of Tα is not affected by the mutation.
ing of wild-type transducin was significantly lower than that of S74L mutant transducin in the dilute homogeWe then asked whether geranylgeranylated Tβγ may be solubilized in vivo by the regulatory protein phosnate (rhodopsin concentration of 0.5 M) at 4°C ( Figure  3A ). Such a difference between in vitro and in vivo exducin, which associates tightly with Tβγ and reduces its affinity for outer segment membranes ( equipped with an HPLC system (model 600E, Waters). The isolated lowed by selection with G418 treatment (250 g/ml) 48 hr after the transfection. Altogether, 240 drug-resistant colonies were picked fractions were subjected to matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (Voyager RP, up on day 8 of the selection, and the genomic DNA was subjected to Southern blot analysis for confirmation of homologous recombiPerseptive Biosystems) to determine the molecular mass by using sinapic acid as a matrix and horse cytochrome c as an internal nation ( Figure S1B) . Introduction of the S74L mutation was also verified by Hinf I digestion of the PCR fragments amplified with a standard of the molecular mass. set of primers (5#-TAGCT CAAGG GTCAG CTTTC-3# and 5#-CTGCT TCTAA AGCAG GGTTC-3#, Figures S1E and S1F) and by DNA seElectrophysiology quencing. The targeted ES clones isolated were microinjected into Photoresponses were recorded from individual rods with a suction C57BL/6J blastocysts to generate chimeric mice, and the chimeric pipette as described by Sung et al. (1994) . Briefly, a mouse was males thus generated were mated with C57BL/6J females. Germdark-adapted overnight and sacrificed by cervical dislocation unline transmission was ascertained by both Southern blot and PCR der dim red light. Subsequent procedures were carried out under analysis of the genomic DNA prepared from these litters in the infrared illumination. The retina was isolated from an enucleated same way as described for the screening of the ES cells. After eye and chopped finely in Leibovitz's L-15 (GIBCO) medium supheterozygous animals were obtained, the neo gene was deleted by plemented with DNase I (8 g/ml, Sigma). Small pieces of the injecting a Cre-expression plasmid into the fertilized eggs obtained chopped retina were transferred to a recording chamber and perby crossing a heterozygous male with C57BL/6J females by in vitro fused continuously at 36°C-38°C with medium bubbled with 95% fertilization ( Figure 1B and Figure S1C ). To examine for excision of O 2 and 5% CO 2 . A single rod outer segment was drawn into a glass the neo gene, genomic DNA isolated from the progeny was disuction electrode and stimulated by flashes (8 ms) of 500 nm, ungested with BamH I/Bgl II restriction enzymes and subjected to polarized light with 10 nm bandwidth. The membrane current was Southern blot analysis with the probe indicated in Figure 1B with A and t eff as free parameters. The amplification constants, A dark and A adapted , were calculated from the fitted traces before and ("phosducin-extract"). These extracts were injected to a reverse-after light adaptation, respectively. For several minutes after the
